Abstract. Although sirtuin 1 (Sirt1) has been found to be involved in diabetic vasculopathy and high glucose (HG)-mediated endothelial injury, the underlying mechanisms remain to be fully elucidated. The aim of the present study was to investigate the role of Sirt1 in HG-induced endothelial injury and its potential mechanism. In the present study, it was demonstrated that HG triggers the downregulation of Sirt1 by activating microRNA-195 in human umbilical vein endothelial cells (HUVEcs), as determined by western blot analysis in vivo and in vitro. Furthermore, a lower expression of Sirt1 was correlated with glucose metabolic abnormalities, aortic endothelial dysfunction and endothelial apoptosis as evidenced by western blot analysis and ELISA in mice. By contrast, the loss of Sirt1 evoked mitochondrial fission factor (Mff)-mediated mitochondrial fission through the c-Jun N-terminal kinase (JNK) pathway, which contributes to the apoptosis of HUVECs. In addition, Sirt1 deficiency downregulated the migration of HUVEcs through F-actin dyshomeostasis. collectively, the results identify Sirt1 as a protective factor, which inhibits the JNK/Mff/mitochondrial fission pathway and sustains F-actin homeostasis, and has potential implications for novel approaches to diabetic vasculopathy.
Introduction
The incidence of macrovascular complications in diabetic patients is >50% and constitutes a high rate of mortality (1) . Hyperglycemia resulting from uncontrolled glucose regulation is mainly considered to form the link between diabetes and diabetic vasculopathy (2) . As components of blood barriers, vascular endothelial cells (Ecs) are more vulnerable to hyperglycemia damage (3) . during the development of diabetes, the impaired Ec functioning results in decreased levels of vasodilation, weakened barrier function, and increased reactive oxygen species (ROS) generation and inflammatory activation (4) . Therefore, elucidating the mechanisms of endothelial injury is critical to alleviating diabetic vasculopathy.
Mitochondria are not only the focus of cellular energy generation, they are also involved in the regulation of cellular differentiation, proliferation, senility and apoptosis. Several studies have suggested that mitochondrial fission serves an important role in mitochondrial homeostasis (5, 6) . Furthermore, mitochondrial fission factor (Mff)-mediated mitochondrial fission is considered to be an important facet of diabetic complications (7) . Excessive mitochondrial fission leads to cellular energy metabolism disorders, ROS bursts, increased mitochondrial permeability transition pore (mPTP) opening volumes and the activation of mitochondrial-dependent cell apoptotic procedures in response to HG treatment (8) . Therefore, maintaining mitochondrial homeostasis by inhibiting mitochondrial fission is necessary to protect endothelial function and survival in diabetic vasculopathy. However, the upstream regulators of mitochondrial fission in HG-induced endothelial injury remain to be elucidated.
convincing experimental data indicates that Sirt1 serves a critical function in the pathological progression of diabetic vasculopathy by modulating endothelial cellular physiological processes, including metabolism, migration, senescence and apoptosis (9) . The activation of Sirt1 by resveratrol ameliorates HG-induced endothelial damage by stabilizing mitochondrial energy metabolism (10) . Of note, studies have reported a potential association between Sirt1 and mitochondrial fission (11, 12) . However, how Sirt1 regulates mitochondrial fission, particularly in HG-induced endothelial injury, remains to be elucidated.
In addition to apoptosis, decreased levels of endothelial cell migration are another key feature of endothelial injury in diabetic vasculopathy (13, 14) . It is well known that F-actin homeostasis is crucial in the regulation of cellular migration (15, 16) . However, whether Sirt1 protects cellular migration by regulating F-actin homeostasis remains unclear. Accordingly, the aim of the present study was to examine the role of Sirt1 in repairing diabetic vasculopathy, with a focus on mitochondrial fission and cellular migration.
Materials and methods
Animal procedure and treatment. All experimental procedures described here were conducted in accordance with the National Institutes of Health Guidelines on the care and Use of Laboratory Animals. All animal experimental protocols were approved by the Institutional Animal care and Use committee of Beijing Vital River Laboratory Animal Technology co., Ltd. (Beijing, china). ApoE -/-mice (male; n=120; supplied by Beijing Vital River Laboratory Animal Technology co., Ltd; body weight, 18-22 g) were fed a high-fat diet (45% kcal fat, 35% kcal carbohydrates and 20% kcal protein) from 4 weeks of age to the end of the study and housed at 23˚C with 40-70% humidity and a 12-h light/dark cycle. 8-week-old apoE -/-mice were intraperitoneally injected with streptozotocin (STZ; Sigma-Aldrich; Merck KGaA, darmstadt, Germany; 50 mg/kg) for five consecutive days. Following this, venous blood was collected from the tails of diabetic mice; blood glucose levels >16.7 mmol/l following a 6-h period of daytime fasting was considered successful model establishment. The diabetic mice (12 weeks old), defined as the diabetic group, were treated with SRT1720 (Selleck chemicals, Houston, TX, USA; 15 mg/kg/day, defined as the SRT1720 group) for 12 weeks. The mice were anesthetized by intraperitoneal injection of pentobarbital sodium (60 mg/kg body weight) prior and whole blood was drawn by cardiac puncture or from the eye retroorbital sinus (17) . The mice were sacrificed with cO 2 using an established cO 2 euthanasia method, for endothelial function assessment and histological examination. Briefly, the mice were placed in a chamber and the flow rate of CO 2 displacement was 2 l/min (<30% of the chamber volume/min), which was stopped when the mice were no longer breathing and sacrifice was confirmed by cervical dislocation (18, 19) .
Measurement of biochemical parameters. The blood samples were collected following a 6-h period of fasting. Aortic tissues were homogenized for further biochemical analysis. Glycated hemoglobin (HbA1c) was detected using the in2it A1c system (Bio-Rad Laboratories, Inc., Hercules, cA, USA) as described previously (20) . The levels of insulin, glucagon, c-peptide, glutathione (GSH), superoxide dismutase (SOd) and malondialdehyde (MdA) were determined using ELISA kits (Beyotime Institute of Biotechnology, Beijing, china).
Measurement of endothelial relaxation function of the thoracic aorta. The measurement of endothelial relaxation functioning was conducted as previously described (3). In brief, the thoracic aorta was immediately dissected and immersed in chilled Krebs-Henseleit solution (Sigma-Aldrich; Merck KGaA) at 37˚C and aerated with 95% O 2 and 5% cO 2 (pH 7.4). The aortic rings were then pre-contracted with U46619 (Sigma-Aldrich; Merck KGaA; 30 nM). Endothelium-dependent and -independent vasodilation were determined using Ach (Selleck chemicals; 10 -9 -10 -5 M) and SNP (Selleck chemicals; 10 -10 -10 -6 M), respectively.
Cell culture. Human umbilical vein endothelial cells (HUVEcs) were obtained from the National Infrastructure of cell Line Resource (Beijing, china; catalog no. 3111c0002000000024). The HUVEcs (1x10 5 ) were seeded on 6-well plates and cultured in dMEM (high glucose; Gibco; Thermo Fisher Scientific, Inc.) with 10% PBS (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) at 37˚C. To activate mitochondrial fission, FCCP (5 µM, Selleck Chemicals) was used for 2 h at 37˚C prior to treatment. To suppress and activate the JNK pathway, SP600125 (SP, 10 µM, Selleck Chemicals) and anisomycin (Ani, 10 µM, Selleck Chemicals) were used 2 h at 37˚C prior to treatment, respectively. To inhibit the F-action degradation, Jasplakinolide (2 µM; Selleck Chemicals) was used 2 h before treatment at 37˚C.
Construction of an adenovirus for the overexpression of
Sirt1. The Sirt1 adenovirus plasmids (ad-Sirt1) and control adenovirus plasmids (ad-ctrl) were purchased from Vigene Biosciences, Inc. (Rockville, Md, USA). The HUVEc cells (0.5x10 6 ) were transfected with 20 nM ad-Sirt1 and ad-ctrl with Lipofectamine ® 2000 (Thermo Fisher Scientific, Inc.) as described in a previous study (21) . The expression of proteins in the transfected cells were determined by western blot analysis.
ROS measurements. The cellular ROS was measured via dihydroethidium (DHE, Invitrogen; Thermo Fisher Scientific, Inc.) staining and was observed through a confocal microscope (Olympus corporation, Tokyo, Japan). dHE was alternately excited at the wavelengths of 300 and 535 nm following the manufacturer's protocol (22) .
Mitochondrial fission analysis, mitochondrial membrane potential (ΔΨm) measurements and mPTP opening.
Mitochondrial fission was analyzed according to a previous study (4) . The mitochondrion was labelled with Tom20 (1:1,000, Abcam, cambridge, MA, USA; cat. no. ab56783) at room temperature (25˚C) for 1 h and the cell was observed under a confocal microscope. The ΔΨm was measured using the Jc-1 kit (Beyotime Institute of Biotechnology) and the mPTP opening was measured as described previously (23) . The images were analyzed using ImageJ 1.47 version software (National Institutes of Health).
Cellular viability assay, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining and determination of caspase-9 activity. For the in vivo cellular viability assay, Ecs were isolated from the thoracic aorta as described previously (24) . cellular viability was quantitatively measured using an FITc Annexin V Apoptosis detection kit (Bd Biosciences) (25) . In brief, the cells were incubated (1x10 5 ) with 5 µl of FITC Annexin V and PI for 15 min at room temperature (25˚C) in the dark. The samples were then analyzed with a Bd FAcS-calibur cytometer (Bd Biosciences). A one-step TUNEL kit (Beyotime Institute of Biotechnology) was used for TUNEL staining, as previously described. Following treatment, the HUVEcs were incubated with fluorescein-dUTP (Invitrogen; Thermo Fisher Scientific, Inc.) to stain apoptotic cell nuclei and with dAPI (5 mg/ml) to stain all cell nuclei at room temperature for 3 min. Images of the slides were captured under a confocal microscope with at least five random separate fields. Cellular viability was also measured using an MTT assay, according to the manufacturer's protocol. A caspase 9 activity kit (Beyotime Institute of Biotechnology) was used to measure the activity of caspase 9, according to the manufacturer's protocol (26) .
Cell migration and wound healing assay. Following treatment, the cells were seeded in 6-well plates at a density of 0.5x10 6 cells/well. A wound track was scored in each dish with a pipette head. debris was removed by rinsing the plates with PBS. Following culture for 24 h, the migration distances were visualized and images were captured (Olympus IX71; Olympus corporation, Tokyo, Japan). cell migration was also analyzed using a Transwell chamber assay (24 wells with 8-µm pores and polycarbonate membranes), as previously described (27) .
Western blot analysis. Following treatment, the cells were lysed with radioimmunoprecipitation assay buffer (Thermo Fisher Scientific, Inc.) supplemented with phenylmethylsulfonyl fluoride. A bicinchoninic acid protein assay was used to measure the protein concentrations (28) . The proteins (50 µg) were separated by 10% SdS-PAGE and then transferred onto polyvinylidene difluoride membranes. The membranes were blocked with 5% nonfat milk for 1 h at room temperature (25˚C) and then incubated with primary antibodies overnight at 4˚C. Then, the membranes were washed 3 times with PBS and incubated with secondary antibodies at room temperature (25˚C) for 1 h. The following antibodies were used: Caspase 3 (1:2,000, cST Biological Reagents co., Ltd., Shanghai, china; cat. no. 9662), caspase 9 (1:2,000, cST Biological Reagents co., Ltd., cat. no. 9508), Bcl-2 (1:2,000, cST Biological Reagents co., Ltd., cat. no. 3498), X-linked inhibitor of apoptosis (x-IAP; 1:1,000, cST Biological Reagents co., Ltd., cat. no. 2042), phosphorylated (p)-JNK (1:1,000, cST Biological Reagents co., Ltd., cat. no. 9255), JNK (1:1,000, cST Biological Reagents co., Ltd., cat. no. 9252), Sirt1 (1:1,000, Abcam, cat. no. ab19A7AB4), dynamin-1-like protein (drp1; 1:1,000, Abcam, cat. no. ab56788), mitochondrial fission 1 protein (Fis1; 1:1,000, Abcam, cat. no. ab71498), mitofusin-(Mfn)2 (1:1,000, Abcam, cat. no. ab56889), Mfn1 (1:1,000, Abcam, cat. no. ab57602), Mff (1:1,000, cST Biological Reagents co., Ltd., cat. no. 86668), F-actin (1:1,000, Abcam, cat. no. ab205), G-actin (1:1,000, Abcam, cat. no. ab200046), p-endothelial nitric oxide synthase (eNOS; Ser1117; 1:1,000, Abcam, cat. no. ab184154), eNOS (1:1,000, Abcam, cat. no. ab76198), Bad (1:1,000, Abcam, cat. no. ab32445), Bax (1:2,000, Abcam, cat. no. ab32503), poly (AdP-ribose) polymerase (1:2,000, Abcam, cat. no. ab32064), horseradish peroxidase (HRP)-conjugated anti-mouse immunoglobulin (Ig)-G (1:1,000; cST Biological Reagents co., Ltd.; cat. no. 7076) and HRP-conjugated anti-rabbit IgG (1:1,000; cST Biological Reagents co., Ltd.; cat. no. 7074). The blots were detected with an enhanced chemiluminescence substrate kit (Thermo Fisher Scientific, Inc.), and band intensity levels were analyzed using Quantity One 4.6 software (Bio-Rad Laboratories, Inc.).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. RT-qPcR was performed according to the manufacturer's instructions. Briefly, total RNA was extracted from the cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and reverse transcribed with a the TaqMan MicroRNA Reverse Transcription kit (Takara Bio, Inc., Otsu, Japan) at 37˚C for 30 min according to the manufacturer's instructions. qPcR was performed using the SYBR-Green RT-PcR kit (Takara Bio, Inc.). The following primers were used for polymerase chain reaction: Sirt1, forward, 5'-GAG AGA cGT cTG GTA GAT cG-3' and reverse 5'-GTG ccA GcA TGT GTc GTA GT-3'; intercellular adhesion molecule 1 (IcAM-1), forward 5'-GAG AcG cAG AGG Acc TTA AcA G-3' and reverse 5'-GAc Gcc GcT cAG AAG AAc cA-3'; cRP, forward 5'-GGA TGG ATT GcA cAG cc A TT-3' and reverse 5'-GcG ccG AcT cAG AGG TGT-3'; tumor necrosis factor (TNF)α, forward 5'-AGA TGG AGc AAc cTA AGG Tc-3' and reverse 5'-GcA GAc cTc GcT GTT cTA Gc-3'; interleukin (IL)6, forward 5'-cAG AcT cGc Gcc TcT AAG GAG T-3' and reverse 5'-GAT AGc cGA Tcc GTc GAA-3'; miR-195, forward 5'-UAG cAG cAc AGA AAU AUU GGc-3' and reverse 5'-cAA UAU UUc UGU GcU GcU AUU-3'; U6, forward 5'-cTc GcT TcG GcA GcA cA-3' and reverse 5'-AAc GcT TcA cGA ATT TGc GT-3'; and GAPdH, forward 5'-AAT GGT GAA GGT cGG TGT G-3' and reverse 5'-GTG GAG TcA TAc TGG AAc ATG TAG-3'. The thermocycling conditions were as follows: 95˚C for 5 min, followed by 40 cycles at 95˚C for 40 sec, 60˚C for 30 sec and 72˚C for 30 sec. U6 and GAPdH were selected as internal controls for micro (mi)RNA and mRNA, respectively (23, 29) . Fold-changes for mRNA expressions were calculated using the 2 -ΔΔcq method (30, 31) .
Transfection. The miR-195 mimics (agmir-195, forward 5'-UAG cAG cAc AGA AAU AUU GGc-3' and reverse 5'-cAA UAU UUc UGU GcU GcU AUU-3'; miR-ctrl, forward 5'-UUc Ucc GAA cGU GUc AcG U-3' and reverse 5'-AcG UGA cAc GUU cGG AGA A-3') and miR-195 inhibitor (antagomir; 5'-Gcc AAU AUU UcU GUG cUG cUA-3') were purchased from GenePharma co., Ltd. (Shanghai, china). The HUVEc cells (0.5x10 6 ) were transfected with 20 nM miR-195 mimic, miR-195 inhibitor and miR negative control (Nc) with Lipofectamine™ RNAiMAX (Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions (32) . Transfection was performed for 48 h and the transfection efficiency was evaluated by RT-qPcR.
Immunohistochemistry and immunofluorescence staining.
The change in expression of Sirt1 in the thoracic aorta was measured via immunohistochemistry according to a previous study (33, 34) . Immunofluorescence staining was used to measure cytochrome-c (cyt-c) localization, F/G-actin, and mitochondrial fission. Following treatment, the cells were fixed with 3.7% paraformaldehyde for 10 min at room temperature. Following blocking with 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) in PBS for 1 h at room temperature, the cells were incubated with primary antibodies for 4 h at room temperature. The secondary antibodies were incubated at room temperature for 1 h in the dark. Images were captured using a laser confocal microscope (TcS SP5; Leica Microsystems, Inc., Buffalo Grove, IL, USA). The primary antibodies, Sirt1 (1:500, Abcam, cat. no. ab19A7AB4), cyt-c (1:500, Abcam, cat. no. ab90529), translocase of outer mitochondrial membrane 20 (1:500, Abcam, cat. no. ab56783) and F-actin (1:500, Abcam, cat. no. ab205) were used. The Alexa Fluor ® secondary antibodies, anti-mouse IgG (1:500; cat. no. 4408; green) and anti-rabbit IgG (1:500; cat. no. 4412; green), were purchased from cell Signaling Technology, Inc. (danvers, MA, USA). dAPI (5 mg/ml; Sigma-Aldrich; Merck KGaA) was used to stain the nucleus at room temperature for 3 min. Statistical analysis. All analyses were performed with SPSS 20.0 software (IBM corp., Armonk, NY, USA). All experiments were repeated three times. corresponding data are presented as the mean ± standard deviation, and the statistical significance of each variable was estimated by a one-way analysis of variance followed by Tukey's test for post hoc analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Sirt1 attenuates glucose metabolic abnormalities in diabetic mice. First, the expression of Sirt1 in the aorta of diabetic and non-diabetic mice was analyzed via western blot and qPcR analyses (Fig. 1A-c) . The results showed that the expression of Sirt1 was significantly reduced at the protein and mRNA levels in the diabetic mice. A previous study showed that the loss of Sirt1 contributed to glucose metabolic abnormalities in diabetics (35) . To examine the role of Sirt1 in the glucose metabolic activities observed in diabetic mice, SRT1720, an activator of Sirt1, was used to reactivate Sirt1 in the diabetic mice. SRT1720 reversed the downregulation of Sirt1 in diabetic mice, as indicated by the western blot (Fig. 1A and B) , qPcR (Fig. 1c) and immunohistochemical ( Fig. 1d and E) analyses. The effects of Sirt1 on the glucose metabolic activities observed in diabetic mice were then evaluated. As is shown in Fig. 1F -K, diabetic mice exhibited higher body weights, fasting blood glucose levels, serum insulin levels, serum-peptide levels, glycosylated hemoglobin A1c (HbA1c) levels and systolic blood pressure (SBP). As expected, the activation of Sirt1 significantly reduced or abrogated the above changes. However, the high levels of glucagon observed in diabetic mice were not altered by SRT1720 (Fig. 1L) . These data suggest that the reduced expression of Sirt1 contributes to the glucose metabolic abnormalities observed in diabetic mice.
Sirt1 activation ameliorates aortic endothelial dysfunction in diabetic mice. Endothelial dysfunction is an early marker of chronic HG injury. Endothelial functioning was measured 4 weeks following SRT1720 treatment in mice. As is shown in Fig. 2A , diabetes inhibited the endothelial-dependent vasodilation in response to Ach, which was reversed by SRT1720. By contrast, no significant difference in endothelial-independent vasodilation levels were observed among the four groups. To examine the underlying mechanism involved, fundamental factors, including eNOS phosphorylation (Ser1177), intercellular adhesion molecules, inflammation and oxidative stress, were analyzed. diabetes decreased the protein levels of p-eNOS (Fig. 2B ) and increased the mRNA levels of IcAM1 and VCAM1 (Fig. 2C and D) , and this effect was nullified by SRT1720. SRT1720 also decreased the mRNA levels of pro-inflammatory TNF-α, IL-6 and cRP in the diabetic thoracic aortas (Fig. 2E-G) . In addition, diabetic mice generated more MdA and consumed more antioxidant factors, including GSH/SOd, and this effect was reversed by SRT1720 ( Fig. 2H-J) . Together, these data demonstrate that the activation of Sirt1 reduces aortic endothelial dysfunction in diabetic mice.
Downregulated Sirt1 promotes HG-mediated endothelial cell death.
The apoptosis of endothelial cells has been reported to serve a critical role in HG-induced diabetic vasculopathy (36, 37) . Therefore, the present study measured endothelial cell apoptosis in vivo and in vitro. Annexin V/PI flow cytometry was used to qualify endothelial cell apoptosis in cells extracted from thoracic aortas. Relative to the control group, the diabetic group exhibited clearly elevated ratios of Annexin V + cells, and this effect was reduced by SRT1720 ( Fig. 2K and L) . From the in vitro experiments, alterations of Sirt1 were observed in HUVEcs prior to and following HG (30 mmol/l) treatment. The expression of Sirt1 was downregulated following HG treatment (Fig. 3A and B) , with the lowest expression levels of Sirt1 following 48 h of HG treatment. Therefore, 48 h of HG treatment was used in the following experiments. A gain-of function assay on Sirt1 was performed via adenovirus vector transfection (ad-Sirt1) and the transfection efficiency levels were confirmed via western blotting ( Fig. 3C and D) . The overexpression of Sirt1 had no influence on cellular viability (Fig. 3E) . However, the regaining of Sirt1 reduced the occurrence of HG-induced cellular death (Fig. 3F) as indicated by the expression of cleaved caspase 3 and its substrate, which are indicators of cellular apoptosis (Fig. 3G-I) . To further determine whether Sirt1 promotes cellular survival, TUNEL staining was performed (Fig. 3K) . The overexpression of Sirt1 also reduced the percentage of TUNEL-positive cells present. These data indicate that Sirt1 is an anti-apoptotic factor of HUVEcs under the treatment of HG.
Sirt1 deficiency triggers endothelial death by activating mitochondria-dependent apoptotic pathways.
To describe the protective role of Sirt1 in endothelial apoptosis under HG, the present study focused on mitochondria-dependent cellular apoptosis occurring through cellular ROS release, mitochondrial potential collapse, mPTP opening and mitochondrial pro-apoptotic factor leakage. ROS alterations were analyzed through dHE staining. compared with the control group, HG increased the cellular ROS content levels, which were reduced by the overexpression of Sirt1 (Fig. 4A) . HG also induced higher expression levels of Bax, Bad and caspase 9 but lower expression levels of Bcl-2 and x-IAP, suggesting the activation of mitochondria-related apoptotic pathways (Fig. 4B-G) . However, the overexpression of Sirt1 inhibited the pro-apoptotic effects of HG. A Jc-1 assay was used to measure the mitochondrial electrochemical potential (ΔΨm) (Fig. 4H and I) . HG also impaired ΔΨm, with evidence of decreased levels of red fluorescence and increased levels of green fluorescence. However, the overexpression of Sirt1 reversed the stability of ΔΨm. Furthermore, the rate of mPTP opening was increased by HG but decreased by the overexpression of Sirt1 (Fig. 4J) . Following the dissipated ΔΨm and long-lasting mPTP opening, HG increased the leakage of cyt-c from the mitochondria into the cytoplasm, and cyt-c was even observed to migrate into the nucleus (Fig. 4K) , whereas an increase in Sirt1 limited cyt-c leakage. These results showed that Sirt1 prevents endothelial apoptosis by inhibiting the mitochondria-dependent apoptotic pathway.
Mitochondrial fission is involved in Sirt1 deficiency-mediated mitochondrial apoptosis under HG treatment.
Previous studies have reported that mitochondrial fission serves a critical role in mitochondria-related apoptosis (28, 38, 39) . Therefore, the present study examined whether Sirt1 prevents endothelial apoptosis through the regulation of mitochondrial fission. As is shown in Fig. 5A , HG led to a markedly larger volume of fragmented mitochondria in the Ad-ctrl group. However, upregulating Sirt1 repressed the effects of HG on mitochondrial fragments. Mitochondrial lengths were also recorded ( Fig. 5B ) to quantify the fission levels, and the results were in accordance with the above findings. These results indicate the role of Sirt1 in activating mitochondrial fission. To examine whether mitochondria are responsible for endothelial apoptosis, FCCP, a mitochondrial fission activator, was used to reactivate mitochondrial fission in Ad-Sirt1 cells ( Fig. 5A and B) . The protective role of Sirt1 in mPTP opening and cellular apoptosis disappeared following the re-activation of mitochondrial fission in ad-Sirt1 cells (Fig. 5C-E) . These results indicate that mitochondrial fission is responsible for Sirt1 deficiency-mediated mitochondrial apoptosis under HG treatment.
Sirt1 regulates mitochondrial fission by activating the JNK/Mff pathway. To determine the means through which
Sirt1 regulates mitochondrial fission, changes in Drp1 and in its receptors (Mff, Fis1, Mid49 and Mid51) required to regulate mitochondrial fission were measured. It was first found that HG mainly enhanced the expression of Mff in ad-ctrl cells ( Fig. 6A and B) and that the overexpression of Sirt1 reduced the expression of Mff rather than other receptors. Furthermore, HG treatment enhanced the expression of drp1, which was reversed by the overexpression of Sirt1 (Fig. 6c) . Several studies have confirmed that the activity of Mff is regulated by the JNK pathway (28, 40, 41) . Therefore, the present study examined the JNK pathway to examine the mechanism by which Sirt1 inactivates Mff. Relative to the control group, JNK was activated by HG, as indicated by an increase observed in the expression of p-JNK (Fig. 6d-F) . This tendency was reversed by the overexpression of Sirt1. To examine the role of the activation of JNK in Sirt1-induced mitochondrial fission in the present study, SP, an inhibitor of JNK, was added to ad-ctrl cells to inhibit the JNK pathway. Ani, an activator of the JNK pathway, was also used in ad-Sirt1 cells. Through western botting, it was found that the JNK pathway was triggered by HG treatment or Ani, but was inhibited by the overexpression of Sirt1 or SP (Fig. 6d-F) . The expression of Mff and mitochondrial fission were enhanced following HG treatment, but decreased to normal levels upon the overexpression of Sirt1 or SP treatment (Fig. 6d-F) . The reactivation of JNK in ad-Sirt1 cells eliminated the inhibition of Mff activation and the protective effects on mitochondrial fission induced by the overexpression of Sirt1 (Fig. 6G and H) . This experiment suggests that Sirt1 regulates mitochondrial fission through the JNK pathway.
Overexpression of Sirt1 maintains endothelial migration by sustaining F-actin homeostasis.
Endothelial cell mobilization capacities are critical for the repair of endothelial injury. Therefore, whether Sirt1 is involved in cellular migration was measured. First, a Transwell assay was used to investigate associations between HUVEc migration and Sirt1. As is shown in Fig. 7A and B, HG treatment reduced the migration of HUVEcs, whereas the overexpression of Sirt1 prevented this change from occurring. These results suggest that Sirt1 is involved in cellular migration. F-actin has been reported to serve a critical role in cellular mobilization. Therefore, the present study examined whether Sir1 regulates cellular migration through F-actin dyshomeostasis. Jasplakinolide, an F-actin depolymerization inhibitor, was used to inhibit F-actin depolymerization in ad-ctrl cells. As F-actin is composed of G-actin, western blotting was performed to measure the expression of F-actin and G-actin following HG treatment. As is shown in Fig. 7c-F , HG treatment clearly reduced the expression of F-actin and enhanced the expression of G-actin, which was reversed by the overexpression of Sirt1 or jasplakinolide application. Similar results for F-actin were observed by fluorescence (Fig. 7G) . Jasplakinolide and the overexpression of Sirt1 significantly enhanced the fluorescence intensity of F-actin, which was reduced by HG. Jasplakinolide also promoted cellular migration under HG treatment, similar to the overexpression of Sirt1 (Fig. 7A and B) . These results suggested that Sirt1 regulates cellular migration by inhibiting F-actin depolymerization into G-actin under HG treatment.
Sirt1 is negatively regulated by miR-195 via hyperglycemic stimulus.
To examine the mechanism by which Sirt1 is downregulated through diabetic vasculopathy, miR-195 was examined. It was found that the expression of miR-195 was significantly enhanced in ad-ctrl cells under HG treatment (Fig. 8A) . To elucidate the mechanism by which HG downregulates Sirt1, a mimic (agmir-195) and inhibitor (antagomir) of miR-195 were used, and the transfection efficiency was evaluated by RT-qPcR analysis (Fig. 8B) . As is shown in Fig. 8c, agmir-195 (Fig. 8E) . compared with that of the MUT type, luciferase activity was downregulated in cells co-transfected with miR-195 mimics and in the WT Sirt1-3'UTR, suggesting that Sirt1 is a target gene of miR-195. To provide more evidence, the effects of miR-195 on mitochondrial fission, cellular apoptosis and migration were analyzed. It was found that agmir-195 promoted mitochondrial fission, enhanced the expression of caspase-9 and inhibited cellular migration, consistent with the effects of HG treatment (Fig. 8F-I) . However, the inhibition of miR-195 inhibited the HG-induced mitochondrial fission, upregulation of caspase-9 and inhibited migration. These results support the hypothesis that HG represses the expression of Sirt1 by upregulating miR-195.
Discussion
Vascular endothelial injury caused by a hyperglycemic environment serves an important role in the occurrence and development of diabetic vasculopathy. Accumulating evidence demonstrates the critical role of Sirt1 in HG-induced endothelial injury. The present study confirmed that i) HG triggers the downregulation of Sirt1 by activating miR-195; ii) reduced expression of Sirt1 contributes to glucose metabolic abnormalities, aortic endothelial dysfunction and Ec apoptosis; iii) downregulated Sirt1 triggers Ec apoptosis by activating mitochondrial fission; iv) mechanically, the loss of Sirt1 triggers mitochondrial fission by evoking the JNK/Mff pathway; v) Sirt1 deficiency limits Ec migration through F-actin dyshomeostasis. These results further enrich current understanding of the molecular pathways of Sirt1-mediated endothelial protection in diabetic vasculopathy.
Sirt1 is related to cellular metabolism, migration, senescence and survival, and is implicated in the pathophysiology of diabetes, neurodegenerative disorders and cardiovascular disease (9, 42) . In the present study, the activation of Sirt1 with SRT1720 inhibited Ec apoptosis and endothelial dysfunction in diabetes. Previous reports have argued that the protective endothelial effect of Sirt1 is closely associated with the regulation of mitochondrial functions by limiting mitochondrial dNA damage and preventing the activation of mitochondrial damaging MMP-9 (11, 43, 44) . Furthermore, mitochondrial dysfunction caused by mitochondrial fission is reported to be involved in the development of diabetic nephropathy (7, 45) and diabetic cardiomyopathy (46) . These results indicate the involvement of mitochondrial fission in the development of HG-induced endothelial injury and diabetic vasculopathy.
An association between Sirt1 and mitochondrial fission has been illustrated in several studies, which confirms the regulation of Sirt1 on mitochondrial fission. However, how Sirt1 regulates mitochondrial fission in HG-induced endothelial injury remains to be fully elucidated. It has been reported that the JNK pathway is involved in the regulation of mitochondrial fission (28, 40, 47) . In addition, previous studies have confirmed the association between Sirt1 and the JNK pathway (48) (49) (50) . SIRT1 has been reported to reduce ROS-induced mouse embryonic stem cell apoptosis via the phosphatase and tensin homolog/JNK/Forkhead box O1 pathway (51) . Therefore, Sirt1 likely regulates Mff-associated fission via the JNK pathway. The present study confirmed that Sirt1 attenuates mitochondrial fission via the JNK pathway in HG-induced endothelial injury.
Mitochondria are energy metabolism organelles involved in the regulation of ATP generation, ROS production and apoptosis (52) (53) (54) . It is well known that mitochondrial fission serves an important role in mitochondrial functional regulation. Mechanistically, drp1, the mitochondrial division executive factor, binds to its corresponding receptor which is located on the mitochondrial outer member, forming a ring on mitochondrial surfaces that contracts and creates a large number of mitochondrial fragments (55, 56) . In addition, accumulating evidence shows that four proteins, Fis1, Mff, Mid49 and Mid51, are involved in mitochondrial fission (4) . As one of the key findings of the present study, it was confirmed that Sirt1 regulates mitochondrial fission mainly by regulating Mff in HG-induced endothelial injury. HG induced the downregulation of Sirt1, leading to the phosphorylated activation of the JNK pathway, which promoted the expression of Mff. Additionally, Sirt1 loss contributed to the upregulation of Drp1. Excessive mitochondrial fission caused mitochondrial depolarization, followed by increased mPTP opening periods and cyt-c leakage into the cytoplasm. As a result of cyt-c release, mitochondria-associated apoptotic pathways were activated, as evidenced by the imbalanced expression of pro-and anti-apoptotic proteins.
The migration capacities of endothelial cells are important in the repair of endothelial injury. Sirt1 is reported to be involved in the regulation of cellular migration capacity, however, the underlying mechanisms involved remain to be fully elucidated. F-actin is a key fiber of cellular migration. Therefore, it was hypothesized that Sirt1 may regulate the cellular migration by regulating F-actin homeostasis. HG treatment reduced the expression of F-actin, enhanced the expression of G-actin and led to impaired migration capacities, which were reversed by the overexpression of Sirt1 and jasplakinolide.
Previous studies have argued that miR-195 is involved in the regulation of Sirt1 (57) (58) (59) . In human dermal microvascular Ecs, Sirt1 is inactivated through the upregulation of miR-195 under HG treatment. The results of the present study also show that miR-195 contributes to the downregulation of Sirt1 under HG treatment in vitro. miR-195 inhibition enhanced the expression of Sirt1, limited mitochondrial fission and cellular apoptosis, and improved migration capacities. However, whether miR-195 contributes to diabetic vasculopathy requires further examination in vivo.
According to previous studies, SRT1720 was used in the present study to reactivate Sirt1 and upregulate the expression of Sirt1 in diabetic mice to examine the role of Sirt1 in diabetic vasculopathy in vivo (30,60,61) . However, SRT1720 has been reported not to be a direct activator of SIRT1 (62) . Therefore, to provide more accurate evidence, Sirt1 transgenic mice should be used in future studies.
Overall, the results of the present study illustrate the protective mechanism of Sirt1 in diabetic vasculopathy, which limits endothelial apoptosis by inhibiting JNK/Mff/mitochondrial fission and enhances endothelial migration by stabilizing F-actin homeostasis. The mechanisms underlying the downregulation of Sirt1 induced by HG were also examined. HG repressed the expression of Sirt1 by upregulating miR-195. Further investigations are required to examine the clinical value of Sirt1 in diabetic vasculopathy. 
